Abstract: Bioinspiredc omplexes employing the ligands 6tert-butylpyridazine-3-thione (SPn) and pyridine-2-thione (SPy) were synthesized and fully characterizedt om imic the tungstoenzyme acetylene hydratase (AH). The complexes [W(CO)(C 2 H 2 )(CHCH-SPy)(SPy)] (4)a nd [W(CO)(C 2 H 2 )(CHCH-SPn)(SPn)] (5)w ere formed by intramolecular nucleophilic attack of the nitrogen donors of the ligand on the coordinated C 2 H 2 molecule. Labelling experiments using C 2 D 2 with the SPy system revealed the insertion reactionp roceeding via ab is-acetylene intermediate. The starting complex [W(CO)(C 2 H 2 )(SPy) 2 ]( 6)f or these studies was accessed by the new acetylene precursor mixture [W(CO)(C 2 H 2 ) n (MeCN) 3Àn Br 2 ]( n = 1a nd 2; 7). All complexes represent rare examples in the field of WÀC 2 H 2 chemistry with 4 and 5 being the first of their kind. In the ongoing debate on the enzymatic mechanism,t he findings support activation of acetylene by the tungsten center.
Molybdenuma nd tungstena re found in the active site of a large group of enzymes that catalyze the transfer of an oxygen atom from or to as ubstrate. [1] The structurally related tungstoenzyme acetylene hydratase (AH) is uniquea mong them, because it catalyzes the net hydration reactiono fa cetylene to acetaldehyde, an onredox reaction. It is the only enzyme known to accept acetylene as substrate, apart from nitrogenase, which reduces it to ethylene. [2] In 2007, structural information obtainedb ys ingle-crystal X-ray diffractiona nalysisr evealed the active site consisting of as ix-coordinate W IV center with asulfur-richcoordination sphere derived from two molybdopterin co-factors and ac ysteine residue. The sixth ligand of the distorted octahedron was found to be aw ater molecule with an aspartate in close proximity. [3] The mechanism of the catalytic hydration is still under debate. Four mechanisms have been proposed and evaluatedb yD FT calculations. [3, 4] They can be grouped into two fundamentally different reaction pathways, the major differences being the mode of substrate binding (C 2 H 2 coordinated to W: first shell mechanism;H 2 Oc oordinated to W: second shell mechanism, Figure 1 ). Only the first shell mechanism proposed by Liao and co-workers,c omprising ad eprotonated Asp13 and the displacement of H 2 Ob yC 2 H 2 , revealed ar ealistic energy barrier.T he acetylene is nucleophilically attacked by the liberated H 2 Os upported by concomitant proton transfer to Asp13. The resulting vinyl anion is then protonatedb yA sp13 to give acetaldehyde after tautomerization. Nonetheless, the second shell mechanism proposed by Einsle and co-workersc annot be ruled out at present, because the acetylene could also be nucleophilically attacked while still located in the putative substrate pocked above the coordinated water molecule. [3] Tungsten acetylene complexes are generally scarce, [5] and those qualifying as biomimetic modelsa re even rarer. [6] [7] [8] Amongt he latter,t he scorpionate complex [WO(C 2 H 2 )Tp'I] (Tp' = hydridotris(3,5-dimethylpyrazolyl)borate) binds both substrates, C 2 H 2 and H 2 O, upon halogen abstraction, whereas the recents tructural analogue [WO(C 2 H 2 )(S-Phoz) 2 ]( S-Phoz = 2-(4'4'-dimethyloxazoline-2'-yl)thiophenolate)e xhibitsr eversible C 2 H 2 binding. [7, 8] The only structural-functional model [Et 4 N] 2 [WO(mnt) 2 ]( mnt = malonitrile) was reported to perform nine catalytic turnovers, whereas no WÀC 2 H 2 adduct could be isolated or spectroscopically observed. [9, 10] However,r ecent attempts to reproduce these resultsf ailed, which questions the existence of as tructural-functionalm odel for AH. [11] For the development of tungsten-acetylene complexes capable of nucleophilic attack, we explored two bioinspired ligands with different electronic influence, because biomimetic dithiolene-type ligandsa re already well established. [12] The use of the electron-deficient sulfur ligand 6-tert-butylpyridazine-3thione and the electron-richer pyridine-2-thione (HSPy) should reveal which electronic properties are neededt og ain the desired reactivity on am odel complex. In our hand, the electronpoor SPn system already ledt ou nique reactivities with various other transition metalsa nd thus seemed to be suitable for a model system,i nw hichn ucleophilic attack of H 2 O/OH À to a coordinated acetylene is desired. [9, 13] Herein, we report the first intramolecular nucleophilic attack of aW -bound h 2 -C 2 H 2 by the bioinspired S,N-donor ligands SPn and SPy forming new complexes of the type
For the preparation of acetylene complexes with the SPy and SPn ligands, ap rocedure previously employed for [W(CO)(C 2 H 2 )(S-Phoz) 2 ]w as followed. [8, 14] Thus, in af irst step, previously reported [W 2 (CO) 7 Br 4 ] [15] was convertedt o [W(CO) 3 (MeCN) 2 Br 2 ], [16] which was subsequently reactedw ith two equivalents of the sodium salt of the respective ligand in dichloromethane. The use of SPy gave the tris-carbonylc om- Figure 1 . Comparison of first and second shell mechanism (left) and molybdopterin co-factor (right).
[a] C. Vidovič,Dr. L. M. Peschel 5), respectively (Scheme 1). It is noteworthy that for the significant faster formation of 5,t he reactiont ime is crucial, because after two hours, substantial polyacetylene (PA) formationa nd decomposition was observed. Characterization by 1 HNMR spectroscopy clearlyc onfirmed the two types of acetylene in 4 and 5 with the rotationally hindered h 2 -acetylenea ppearing as two singlets( 11.99-12.99 ppm, Table 1 ) andt he protons of the inserted C 2 H 2 as two doublets showing satellites resulting from coupling to the NMR-activeW 183 isotope. For complex [W(CO)(C 2 H 2 )(CHCH-SPy)(SPy)] (4), the second h 1 -acetylene protonw as determined by the COSY cross-peak, as it is obscured by otherl igand signals (see the Supporting Information). Unambiguous evidence delivered single-crystal X-ray diffraction analysis. Molecular views are displayed in Figure 3 .
With complex 4,t he insertion of C 2 H 2 is slower compared to the thiopyridazine systema nd was furtherf ound to be reversible (Scheme 1). Elimination of the inserted acetylene could be observed by 1 HNMR spectroscopy revealing the formation of 70 %o fc omplex [W(CO)(C 2 H 2 )(SPy) 2 ]( 6) within two hours at 45 8C. Under the same condition, no acetylene elimination for the correspondingS Pn complex was observed.
The insertion of acetylene is extremelyi nteresting, because it represents an intramolecular,n ucleophilic attack on acetylene, which is relevant to the debate on AH mechanism. Furthermore, it has not been observed in [W(CO)(C 2 H 2 )(S 2 CNEt 2 ) 2 ] [18] with very similars tructurala nd electronic properties. Therefore, we were curious whether we can preparet he compounds [W(CO)(C 2 H 2 )L 2 ]( L= SPy or SPn) without an inserted alkyne to separately investigate the insertion by isotopic labelling experiments. However,s electivep reparation starting from [W(CO) 3 L 2 ]with limited amountsofacetylene provedtobefutile, because with L = SPn only inserted product and with L = SPy am ixture of the desired [W(CO)(C 2 H 2 )(SPy) 2 ] (6)a nd the inserted compound was observed. We therefore envisioned ap rocedure by using at ungsten startingm aterial containing only one molecule of acetylene. Subsequenti ntroductiono ft he S,N-ligands should allow preparation of [W(CO)(C 2 H 2 )L 2 ]. Although compounds of the type [W(CO)(C 2 R 2 )L n X 2 ]w ith substituted alkynes (R = Me, Ph) have been described previously, [19] the respective acetylene derivative has been elusive.
Therefore, we exposed an acetonitrile solution of [W(CO) 3 (MeCN) 2 Br 2 ]t oa cetylene atmosphere for 65 minutes forming an olive green precipitate.T he poorly soluble material provedt ob eamixture of the desired compound witho ne molecule of acetylene [W(CO)(C 2 H 2 )(MeCN) 2 Br 2 ]( 7a)a nd with two acetylenes [W(CO)(C 2 H 2 ) 2 (MeCN)Br 2 ]( 7b)a ss hown in Scheme 2. Although we were able to obtain single crystals suitable for X-ray diffraction analyses confirming their structures (see the SupportingI nformation, Figures S12 and S14), their separation in bulk was futile, so that the mixture was Scheme1.Synthetic strategy for the preparation of 4 and 5. [20] The synthetic procedure allowed also the preparation of deuterium-labeled [W(CO)(C 2 D 2 )(SPy) 2 ]( 9)u pon using C 2 D 2 (Scheme 2). In contrast, the respective compound with the SPn ligand,[ W(CO)(C 2 H 2 )(SPn) 2 ], was not accessible, because any isolated product from the reaction of 7 with NaSPn provedt ob et he inserted complex [W(CO)(C 2 H 2 )(CHCH-SPn)(SPn)]( 5).
The 1 HNMR spectra of complexes [W(CO)(C 2 R 2 )(SPy) 2 ]( R= H 6,D9)s howedamixture of two dynamic isomers indicated by two sets of acetylene protons (Figure 2a ). We assume the isomeric difference is with respect to the position of the ligands to each other,i nw hich S,S-, N,N-and two S,N-trans positions are possible and as previously been observed in our S-Phoz system. [8, 14] With compounds 6 and 9,t he respective cross-insertion was investigated:t hus, complex 6 was treated with C 2 D 2 and 9 with C 2 H 2 (Scheme3). The insertion reactionw as evaluated by 1 HNMR spectroscopy upon comparing the ratio of integralsb etween al igand and two acetylene signals (Scheme 3). To obtain comparable data, T 1 of the acetylenic protonso f4 was determined by the inversionr ecovery experiment (IRE), as theses ignals gave integrals < 1w hen recorded with standard T 1 of one second (see the Supporting Information).
The ratio of the h 2 -C 2 H 2 (11.99 ppm) and h 1 -C 2 H 2 (6.58 ppm) protonsw as determineda nd referenced to the pyridine ligand proton at 8.20 ppm (Scheme 3a nd Figure 2 ). Upon selective insertiono fa dded C 2 H 2 in 9,f ormation of [W(CO)(C 2 D 2 )(CHCHÀ SPy)(SPy)] (4a)w ith an integral ratio of 0:1:1( h 2 :h 1 :SPy)C is expected, whereas ar atio of 1:0:1i sa nticipated for the opposite experiment forming[ W(CO)(C 2 H 2 )(CDCD-SPy)(SPy)]( 4b). However,t he two cross experiments reveal the presence of complex 4a and b in a1:1 ratio (Figure 2d and e), as was indicated by av irtually identical integral of the h 2 -C 2 H 2 (11.99 ppm) and the h 1 -C 2 H 2 (6.58 ppm) signals.
Equimolar formation of complexes 4a and b indicates ab isacetylene intermediate (Scheme 3), in which insertion of either the deuterated or the protonated acetylene into the cis NÀW bond can occur.T he bis-acetylene intermediate is further sup-ported by the observation that the acetylene precursor mixture [W(CO)(C 2 H 2 ) n (MeCN) 3Àn Br 2 ]( n = 1( 7a)a nd 2; (7b)) reacts exclusively to [W(CO)(C 2 H 2 )(CHCH-SPn)(SPn)] (5)w hen adding the more reactive SPn-ligand (see above). Also, integration of the h 2 -a nd h 1 -C 2 H 2 signals,r eferenced to the pyridine signala t 8.20 ppm of the reaction 9 + C 2 H 2 ,r eveals ah ydrogen content of 1.3 (Figure 2e) , which is higher than the expected1 .T his can be explained by ad ynamic exchange of the deuterated acetylene with excessC 2 H 2 in the bis-acetylene intermediate ( Insertions eems to be facilitated by the more electron-withdrawing thiopyridazine ligand,w hich is reflected by the drastic difference in reactivity.L ess electron density on the Wc enter leads to weaker p backdonation into the CCb ond, which makes its LUMO more reactive towards an ucleophilic attack. Furthermore, ring strain reduction of af our-membered to a six-membered ring seems not to be the only driving force for the insertion, because only one of the two chelate rings is expanded by acetylene insertion.
Nucleophilic attack on coordinated acetylene in an intramolecular fashion using phosphorous or carbonn ucleophilesi s known for transition metals, such as Mo or Ir. [21, 22] For example, oxidation of [Mo(C 2 H 2 )(dppe) 2 ]w ith [Cp 2 Fe][BF 4 ]l eads to nucleophilic attack of the phosphorus on the acetylenic carbon to form the acetylene-inserted complex [Mo(CHCH-PPh 2 CH 2 CH 2 PPh 2 )(dppe)(MeCN) 2 ][OTf] 2 . [21] In the complex [Ir(C 2 H 2 )(C _ P)(h 5 -C 5 Me 5 )][BAr F ]w ith the cyclometalated ligand PMe(2,6-Me 2 C 6 H 3 ) 2 (= C _ P) the coordinated C 2 H 2 is inserted into the s IrÀCH 2 bond upon thermala ctivation. [22] However, such reactivity has never been observed for am ononuclearWcomplex. This makes 4 and 5 the first compoundso ft heir kind, which is of particulari nterest regarding AH, because it represents the first nucleophilic attack on aW -bound C 2 H 2 and therefore supports the proposed first shell mechanism.
Solid-state structures of all compounds wereo btained by using single-crystal X-ray diffraction analysis ( Figure 3a nd the Supporting Information). Compound [W(CO)(C 2 H 2 )(SPy) 2 ]( 6) features aS ,N-trans arrangement of the ligands and most likely reflects the minor isomer present in solution. It further displays the typical parallel arrangemento ft he CO and the C 2 H 2 ligand. [7, 23] The structures of 4 and 5 revealed that the Na tom of the heterocycle acted as intramolecular nucleophile. The S,N-trans ligand arrangementi sc onserved during insertion of acetylene into the WÀNb ond giving the corresponding S,Ctrans complexes. The WÀCHCHN bond length in 5 is shorter than in 4 (2.079(4) versus 2.0964(13) ), which is in accordance with the more electron-withdrawing character of the SPn ligand.T he thereby formed six-membered ring is planar and orientated perpendicular to the carbonyl ligand.
In conclusion, the successful synthesis, as well as the structural and spectroscopic characterization of the first nucleophilically attacked W-bound acetylene, is reported. In this reaction, the coordinated nitrogen atom of the bioinspired ligands 6tert-butylpyridazine-3-thione and pyridine-2-thione served as intramolecular nucleophile.A cetylene insertion wasi nvestigated by using C 2 D 2 and revealed coordination of the second acetylene prior to insertion, as well as reversibility of the inser-Scheme3.Labellings tudies on acetylene insertion: reaction of protonated 6 with C 2 D 2 (left), reaction of deuterated 9 with C 2 H 2 (right). tion reaction. The obtainedr esults show that WÀC 2 H 2 adducts are ablet or eact with nucleophilesa nd therefore support the proposed first shell mechanism of AH.
